Immunogenic gluten proteins implicated in celiac disease (CD) largely resist degradation by human digestive enzymes. Here we pursued the isolation of gluten-degrading organisms from human feces, aiming at bacteria that would digest gluten under acidic conditions, as prevails in the stomach.
INTRODUCTION
Celiac disease (CD) is an infl ammatory disorder that manifests itself in the small intestine in genetically predisposed individuals expressing HLA-DQ2 and/or HLA-DQ8 ( 1 ) . CD is distinct from other infl ammatory disorders of the intestine, as the trigger of the infl ammation is known, i.e., the storage proteins contained in wheat, rye, and barley. When presented on HLA-DQ2/DQ8, they elicit an adaptive immune response leading to T-helper (Th )-1-mediated intestinal infl ammation, tissue remodeling, and ultimately duodenal villous atrophy and crypt hyperplasia, a reaction that is potentiated by the autoantigen tissue transglutaminase (2) (3) (4) (5) . Ever since gluten were discovered as the causative agent ( 6, 7 ) , the disease has become manageable for celiac patients by virtue of adherence to a gluten-free diet, although inadvertent gluten ingestion remains common. Th e prevalence of CD is high-ranging between 0.5% and 2.5% in most western and Identifi cation of Pseudolysin (lasB) as an Aciduric Gluten-Degrading Enzyme with High Therapeutic Potential for Celiac Disease developing countries ( 8, 9 ) . Notably, CD is defi ned as the most common genetically determined infl ammatory disorder of the gastrointestinal system. Th e fact that gluten proteins are the known triggers opens up opportunities for targeted therapeutic interventions. Eff orts have been geared toward the genetic manipulation of wheat cultivars to knockout immunogenic gluten sequences ( 10 ) , which is complicated by the existence of numerous such epitopes in each variant of modern hexaploid wheat ( 11, 12 ) . More viable approaches to abolish immunogenic domains focus on exogenous proteases that can more thoroughly degrade the incompletely digested gluten proteins (13) (14) (15) .
Immunogenic gluten domains are highly enriched in proline and glutamine residues. As trypsin requires Arg or Lys at P1, chymotrypsin prefers Phe, Tyr, and Trp at P1 and pepsin prefers Phe, Tyr, Th p, or Leu at P1 or P1' , the major enzymes of the human gastrointestinal tract are not very eff ective in digesting gluten. Enzymes with appreciable activities toward gluten are prolyl endopeptidases from bacteria (noticeably Myxococcus xanthus , Sphyngomonas capsulata and Flavobacterium meningosepticum ) ( 16 ) , from fungi ( Aspergillus niger ) ( 17, 18 ) , and a glutamine endoprotease called EP-B2 from germinating barley ( 19 ) . In addition, genetically engineered proteases based on kumamolisin produced by Alicyclobacillus sendaiensis have been developed and explored with the intention to cleave gluten ( 20 ) .
Our recent eff orts have identifi ed natural resident bacteria with gluten-degrading properties. Th ese were associated with the oral cavity, representing the most proximal part of the human digestive tract ( 21 ) . Th e presence of gluten-degrading microbes in the proximal digestive tract would be meaningful from an evolutionary perspective to complement mammalian enzyme systems to digest gluten eff ectively. Th us, we found seven oral microbial species that cleave immunogenic gluten and/or gluten-derived substrates with activities at neutral or near-neutral pH ( 22, 23 ) .
Identifi cation of an enzyme with activity at low pH is highly desired from a therapeutic perspective, as it would enable gluten digestion during gastric passage, before immunogenic epitopes reach the duodenum, where immune destruction begins. Such activities are of particular interest if they are associated with natural colonizers of the gastrointestinal tract. Here we report on the isolation and identifi cation of a gluten-degrading microbial species from human feces and the isolation and characterization of its aciduric protease.
METHODS

Fecal sample collection and bacterial culture
Fecal samples were collected from three healthy adults using the Easy Sampler Stool Collection Kit (Alpco Diagnostics, Salem, NH) and a sterile BBL CultureSwab (Becton Dickinson, Franklin Lakes, NJ) in 1 ml phosphate-buff ered saline. Tenfold serial dilutions were plated on gluten agar (GA), which was prepared as described ( 24 ) , with the modifi cation that the pH of the GA before sterilization was adjusted to either pH 4.0 or left unadjusted (pH 7.0). Plates were incubated at 37 °C under aerobic conditions or in an anaerobic jar with a Gaspak pouch (Becton Dickinson). Aft er incubation for 24-72 h, individual colonies were sub cultured onto Brucella agar containing hemin and vitamin K (Hardy Diagnostics, Santa Maria, CA), re-cultured on GA, and cells were collected and stored in a mixture of 20% glycerol/80% brain heart infusion (BHI) (Beckton Dickinson) at −80 °C. Strains were named FA (fecal aerobic) or FAN (fecal anaerobic) followed by an ID number.
Gliadin degradation in gel
Zymogram gels (6% or 8%) containing gliadin from wheat (Sigma, St Louis, MO) as the incorporated substrate were prepared as previously described ( 23, 24 ) . Bacterial cell suspensions, diethylaminoethanol (DEAE) fraction F4, or purifi ed pseudolysin (Elastin Products Company, Owensville, MO), isolated by a published method ( 25 ) , were tested for activity. Electrophoresis was carried out at 100 V at 4 °C. Gels were renatured and developed in Novex buff ers at pH 7.0 (InVitrogen, Carlsbad, CA) as described ( 21, 23 ) . For some gels, the renaturing and developing buff ers were adjusted to pH 4.0, 3.0, and 2.0, with HCl. For other gels, 5 m m EDTA was added to both buff ers at pH 7.0. Aft er 48 h of development at 37 °C, gels were stained with 0.1% Coomassie blue in 40% (v/v) methanol and 10% (v/v) acetic acid, and destained.
Gliadin degradation in solution
Mixed gliadins (fi nal concentration 250 μ g/ml) were incubated with bacterial cells (fi nal OD 620 of 1.2) suspended in 25 m m potassium phosphate buff er (PPB) at pH 2.0, 4.0, and 7.0, or with DEAE fraction F4 (fi nal concentration 17.5 μ g/ml) in 50 m m potassium phosphate buff er at pH 2.0, 3.0, 4.0, and 7.0. Gliadin degra dation was assessed in samples incubated for 0, 2, and 5 h, by 4-12% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) as described ( 22 ) .
Preparation of bacterial extract
Strain FA-10 was cultured for 16 h in 2 l of BHI, cells were collected, and resuspended in 50 m m Tris-HCl, pH 8.0 (OD 620 22) . Th e cell suspension was frozen at −20 °C, thawed, and then sonicated while placed on ice, using a Branson sonifi er 450 (VWR Scientifi c, Bridgeport, NJ) with a macro tip and output control set at 7. Sonication was performed in cycles of 2 min in 4-min time intervals. Cell lysis was monitored spectrophotometrically until the OD 620 had decreased by 70% (typically aft er 15 sonication cycles). Th e homogenate supernatant containing the cell extract was used for enzyme purifi cation.
DEAE anion-exchange chromatography
A 10-ml aliquot of homogenate supernatant in 50 m m Tris-HCl, pH 8.0 (buff er A), containing 64 mg proteins was loaded on a DEAE sepharose fast-fl ow column containing the exchange group diethylaminoethyl [-O-CH 2 CH 2-N + H(C 2 H 3 C 2 H 3 ) 2 ] (GE Healthcare, Björkgatan, Sweden). Th e column size was 2.6 cm×34 cm with a column volume (CV) of 180 ml. Th e chromatographic separation of proteins was achieved using an FPLC system (AKTApurifi er 10, GE Healthcare, Piscataway, NJ) at a fl ow rate of 1 ml/min. Proteins were eluted with buff er B containing 50 m m Tris-HCl, 1 M NaCl (pH 8.0), using two gradient methods: (1) 0% buff er B for 1 CV, 0%-30% buff er B in 5 CV, 30%-100% buff er B in 0.5 CV, followed by 100% buff er B for 1.5 CV and (2) 0%, 8%, 30%, and 100% buff er B for 1.5 CV each. Th e absorbance was monitored at 219 nm and the eluate was collected in 10-ml fractions. Th e active fractions were pooled, concentrated, and desalted using Amicon Ultra-15 Centrifugal Filter Units (EMD Millipore, Billerica, MA). Th e protein concentration was determined using the BCA method (Pierce Biotechnology, Rockford, IL) with bovine serum albumin as the standard.
SDS-polyacrylamide gel electrophoresis
SDS-PAGE was performed in a discontinuous gel system under reducing conditions on a pre-cast NuPAGE 4%-12% and 12% Bis-Tris Mini Gel, 1.5 mm×10 well (Invitrogen, Novex by Life Technologies, Carlsbad, CA). Electrophoresis was carried out at a constant voltage (120 V). Gels were silver stained as described previously ( 26 ) .
Degradation of the 33-mer peptide
A synthetic highly immunogenic 33-mer peptide comprising residues 57-89 of α 2-gliadin ( LQLQPFPQPQLPYPQPQLPYPQ PQLPYPQPQPF ) was synthesized at 95% purity (21st Century Biochemicals, Marlboro, MA) and dissolved in deionized water to 10 mg/ml. Th e peptide was added to a fi nal concentration of 250 μ g/ml to DEAE fraction F4 containing 17.5 μ g/ml protein. Aft er incubation, 100 μ l sample aliquots were removed, heat inactivated, mixed with 900 μ l 0.1% (v/v) trifl uoroacetic acid, and analyzed by reversed-phase high performance liquid chromato graphy (HPLC).
Reversed-phase HPLC
Reversed-phase HPLC was carried out as described ( 21, 23 ) , using an HPLC Model 715 (Gilson, Middleton, WI) and a C-18 (TSK-GEL 5 μ m, ODS-120T column, 4.6×250 mm, Tosoh Bioscience LLC, King of Prussia, PA). Peptides were eluted using a linear gradient from 0% to 55% buff er B containing 80% (v/v) acetonitrile and 0.1% (v/v) trifl uoroacetic acid over a 75-min time interval at a fl ow rate of 1.0 ml/min. Degradation of the 33-mer was determined from the peak height, which was expressed in mVolt and quantitated using UniPoint 3.3 version soft ware (Gilson).
Native PAGE and casein zymography
Aliquots of DEAE fraction F4 were subjected to native PAGE (6%). Th e composition of this gel is identical to a 6% gliadin zymogram gel ( 23 ) , but without the added gliadin. One half of the gel was silver stained as described above and the other half was developed as a zymogram gel to reveal enzyme activity. For the latter, the gel was washed twice for 30 min in renaturing buff er containing 2.5% Triton X-100 and twice for 30 min in developing buff er containing 20 m m Tris-HCl (pH 7.5). Next, the gel was transferred to develop ing buff er containing 1% casein for 1 h at 37 °C, stained with 0.1% (w/v) Coomassie Brilliant Blue in 40% (v/v) methanol/10% (v/v) acetic acid for 24 h, and destained in the same solution without dye.
Liquid chromatography-electrospray ionization-tandem mass spectrometry
Th e 6% gels that was either silver stained or casein incubated were aligned and bands with activity and matching electrophoretic mobilities in the two gel halves were excised for liquid chromatography-electrospray ionization-tandem mass spectrometry (LC-ESI-MS/MS). Proteins were in-gel digested with sequencing-grade trypsin (Promega, Madison, WI) ( 27 ) . Peptide extracts were dried and reconstituted in 5-10 μ l of HPLC solvent A (2.5% acetonitrile and 0.1% formic acid). A nanoscale reversed-phase-HPLC capillary column contained 5 μ m C18 spherical silica beads in a fused silica capillary of 100 μ m inner diameter ×~12 cm length ( 28 ) . Peptides were eluted with increasing concentrations of solvent B (97.5% acetonitrile and 0.1% formic acid). Eluting peptides were subjected to ESI and then entered into an LTQ Orbitrap mass spectrometer (Th ermoFinnigan, San Jose, CA). Eluting peptides were detected, isolated, and fragmented to produce a tandem mass spectrum of specifi c fragment ions for each peptide. Proteins were identifi ed by matching protein or translated nucleotide databases of P. aeruginosa NCGM2.S1, with the acquired peptide fragmentation pattern using the soft ware program Sequest (Th ermoFinnigan).
FRET substrate hydrolysis
A fl uorescence resonance energy transfer (FRET) substrate was used to test the cleavage activity of lasB toward QPQLPY. In this experiment, a highly pure lasB preparation was used that was isolated in our laboratory using established methods ( 25, 29 ) . Th e synthetic peptide substrate 488-QPQLPY-K(QXL520) (Anaspec, Fremont, CA) was incubated at a fi nal concentration of 100 μ m with lasB enzyme at a fi nal concentration of 0.65 μ g/ml in 50 m m Tris-HCl (pH 8.0) supplemented with 2.5 m m CaCl 2 . Samples were incubated at 37 °C and fl uorescence was measured every 5 min for 1 h at λ ex 485 nm and λ em 520 nm, using a Genios microtiter plate reader in the kinetic mode.
R5 and G12 ELISA assays
Sandwich enzyme-linked immunosorbent assays (ELISAs) were carried out employing the R5 monoclonal antibody (RIDA-SCREEN Gliadin, R-Biopharm, Darmstadt, Germany) and G12 monoclonal antibody (AgraQuant ELISA Gluten G12, Romer Labs, Union, MO). Th e R5 and G12 ELISA assays have detection limits of 3 and 2 ppm for gluten, respectively. Experiments were performed according to the manufacturer's instructions.
For the R5 ELISA, samples were diluted 1:1,000-fold with dilution buff er. Aliquots of 100 μ l were added to the R5-coated microtiter plate. Th e plates were incubated for 30 min at room temperature, washed, and incubated with 100 μ l of peroxidaseconjugated secondary antibody for 30 min at room temperature. Aft er washing, substrate solution containing tetramethylbenzidine was added, followed by the addition of 100 μ l stop reagent. Aft er 30 min, the absorbance was measured at 450 nm. For the G12 ELISA, samples were diluted 1:300-fold in dilution buff er and 100 μ l aliquots were added to the G12-coated microtiter plate. Aft er incubation for 20 min, plates were washed, 100 μ l of the conjugate was added for 20 min, followed by substrate solution for 20 min, addition of 100 μ l stop solution, and measurement of the absorbance at 450 nm.
RESULTS
Fecal bacteria isolation on GA
Fecal samples were collected from three healthy human subjects, diluted, and plated on GA at pH 4.0 and 7.0. A total of 278 strains were obtained: 138 from subject 1, 61 from subject 2, and 79 from subject 3. Of these, 127 were cultured under aerobic and 151 under anaerobic conditions; 93 were obtained on GA plates at pH 4.0 and 185 from GA plates at pH 7.0.
Gliadin degradation in gel
Th e 278 strains were evaluated for enzyme activities by gliadin zymography developed at pH 7.0. Initially, we focused on strains that demonstrated a clear zone around the colonies when cultured on GA ( Supplementary Figure S1A-C online). However, gliadin zymography results of those (mostly anaerobic) strains showed that none could cleave gliadins in gel ( Supplementary Figure S1D ) . All 287 strains were thus analyzed by gliadin zymography, and 43 did produce an active enzyme band in the ~150-250 kDa region and/or in the low-molecular-weight region (<50 kDa). A selection of active and non-active strains are shown in Supplementary  Figure S2 .
Gliadin degradation in solution at acidic pH
Strains FA-10 and FA-13, obtained on acidic GA agar, were further evaluated for gliadin degradation in solution at pH 7.0, 4.0, and 2.0. Cell-associated proteases of both strains eff ectively cleaved gliadins at pH 7.0 and 4.0, but not at pH 2.0, during the 5 h time span examined ( Figure 1 ).
Strain identifi cation
Twenty-two of the 43 active strains, including strains FA-10 and FA-13, were speciated by 16S rDNA analysis (SeqWright, Houston, TX). Th e 22 strains all produced enzyme bands in the ~150-250 kDa and/or low molecular weight (MW) regions as shown in Supplementary Figure S2 . Th e 16S rDNA regions sequenced varied in length from 470 to 496 bp and showed a 99.5%-99.9% match with the identifi ed taxa. Despite diff erences in apparent MW of the enzymes, all 22 strains were speciated as P. aeruginosa . Further validation of the correct identifi cation of the strains was derived from GA plate coloration, showing vivid blue, green, red, and brown colors consistent with pyocyanin, pyoverdin, pyorubin, and pyomelanin pigments, respectively, produced by P. aeruginosa ( Supplementary Figure S3 ) .
Semi-purifi cation of the gluten-degrading protease
Proteins in the cell sonicate supernatant of P. aeruginosa strain FA-10 were separated by DEAE anion-exchange chromatography and eluted using a linear gradient ( Figure 2a ) or a step gradient ( Figure 2b ) of increasing NaCl concentration. Fractions of 10 ml each were pooled based on the peak patterns obtained. Aliquots of each of the pooled fractions were analyzed by SDS-PAGE, to assess protein composition. Fractions were also assayed for enzyme activity by casein zymography, which showed a very good consistency in activity pattern with gliadin zymography (data not shown). Activities could not be monitored with paranitroanilidederivatized substrates used previously ( 22 ) , as these were not or very slowly hydrolyzed by the P. aeruginosa enzyme(s). As a result, enzyme-activity monitoring was qualitative and not quantitative. Th e SDS-PAGE results of proteins eluted with the linear gradient is shown in Supplementary Figure S3 and the result for the step gradient is shown in Figure 3 . With either gradient method, the active fractions eluted just aft er the fi rst main peak, with most activity detected in fractions 3-6. DEAE fraction 4 (F4) was selected for further enzyme characterization and identifi cation, as it represented a center fraction with the highest activity.
Gliadin degradation by DEAE fraction F4 at acidic pH
Gliadin degradation experiments were carried out with DEAE fraction F4 as in Figure 1 , but adding an additional evaluation time point ( t =24 h) and pH value (3.0). Results confi rmed enzyme 
Native PAGE to visualize protein content and enzyme activity
We next determined which of the few proteins in fraction F4 represented the enzyme. An experiment was designed by which protein content and enzyme activities could be directly compared. A 6% SDS gel was prepared to separate proteins in fraction F4. Aft er electrophoresis, the gel was divided in two and one half was silver stained ( Figure 6a ) while the other half was developed as a zymogram with casein as the substrate ( Figure 6b ). Both gels were aligned and four protein bands with enzyme activity ~200 kDa were excised from both the silver-stained and zymogram gel for mass spectrometric ana lysis, as indicated in Figure 6c ,d .
Protease identifi cation in F4
Proteins contained in the excised gel bands were in-gel digested and analyzed by LC-ESI-MS/MS. Table 1 shows the proteins identifi ed by multiple peptides in excised gel bands 1-4. Th e two most prominent proteins identifi ed by numerous (>9) peptides were an elastase ( lasB ) and a nitrate reductase ( nirS ). Only the former represents a proteolytic enzyme. Th e elastase, also called "pseudolysin" has a molecular weight of 53 kDa in the preproenzyme form and of 33 kDa in the mature enzyme form ( 25, 29 ) .
activity in F4 at pH 7.0 and 4.0. Degradation was already observed in the t =0 (~1 min incubation) samples. Activity at pH 3.0 or 2.0 could not be observed in this assay over the 24 time period examined ( Figure 4 ). Gliadin degradation was also assessed in gel by gliadin zymography ( Figure 4e ). Aliquots of F4 were loaded onto the gel in duplicate and gels were developed at pH 7.0, 4.0, 3.0, and 2.0. Initially, 4 μ g aliquots were analyzed per lane. Th e resultant gel developed at pH 7.0 was entirely clear, suggesting that all incorporated gliadin had degraded due to excessive enzymatic activity (not shown). Only when substantially lower amounts of F4 were loaded (0.04 μ g per lane), a band could be discerned. Enzyme activity in gel was noted at pH 4.0 and also at pH 3.0 and 2.0 ( Figure 4e ) . Th e results indicated that DEAE fraction F4 contains an aciduric enzyme with a very-high specifi c activity.
33-mer degradation at acidic pH
Th e isolated enzyme in F4 was also evaluated for activity toward a highly immunogenic 33-mer peptide derived from α -gliadin. Th e peptide was stable in the absence of fraction F4 ( Figure 5a,b ) for up to 24 h but degraded over time in the presence of F4 ( Figure 5c,d ) , as evidenced by a reduction in peak height and appearance of degradation fragments. Th e 33-mer peak heights in chromatograms a -d were plotted in e and f . Th e 33-mer was Although the MW of mature lasB did not match the ~200 kDa band in which it was identifi ed, protein complex formation cannot be excluded in native PAGE. Th e 33 kDa of the mature enzyme did match the <50 kDa band observed in the gliadin zymogram for some P. aeruginosa strains ( Supplementary Figure S2 ) . Noticeably, we found that the <50 kDa band could not always be detected in repeat analyses of the same strain, in contrast to the higher MW bands, suggestive of complex formation by pseudolysin.
Confi rmation of the identifi cation of pseudolysin
Pseudolysin is a zinc metalloprotease. To confi rm metal ion dependence for activity, F4 was analyzed on a gliadin zymogram which was renatured and developed in the absence and the presence of EDTA ( Supplementary Figure S5 ) . Th e results clearly demonstrated complete loss of activity when metal ions were complexed by EDTA. We compared the composition and activity of F4 with a commercially obtained pseudolysin (lasB) preparation. Figure 7 shows that the major band in this preparation is around 33 kDa and matches the major protein in the F4 preparation. Furthermore, as for F4 the activity of the commercially obtained enzyme was observed in the higher MW regions of the gel, further lending support to the correct identifi cation of lasB in the F4 sample and suggesting oligomerization. Subsequently, we isolated the lasB enzyme from P. aeruginosa strain FA-10 culture supernatant as described ( 25 ) . A single band with a molecular weight of ~33 kDa was observed and the identity of the protein was confi rmed with LC-ESI-MS/MS ( Supplementary Figure S6 ) .
Elimination of immunogenic gliadin epitopes
To fi nally determine whether pseudolysin was able to destroy immunogenic epitopes in gliadins, we designed a fl uorescent FRET substrate comprising the sequence QPQLPY contained as the central immunogenic epitope in the 33-mer peptide, and employed two ELISA kits with monoclonal antibodies R5 and G12 recognizing QQPFP ( 30 ) and QPQLPY ( 31, 32 ) , respectively. Gliadin degradation by pseudolysin was confi rmed ( Figure 8a ). Incubation reduced the binding by the R5 antibody over time ( Figure 8c ). On the other hand, G12 epitopes were not abolished by pseudolysin treatment ( Figure 8d ). In contrast, the major epitope recognized by the G12 antibody, QPQLPY, was effi ciently hydrolyzed by pseudolysin ( Figure 8b ).
DISCUSSION
Th e objectives of this study were to isolate and identify glutendegrading microorganisms from human feces that are active under acidic conditions and to isolate the aciduric glutendegrading enzyme. A total of 43 strains degraded gluten in gel, all belonging to one species, P. aeruginosa . Th e gluten-degrading enzyme that was isolated represented pseudolysin, or lasB. Th e P. aeruginosa enzyme was active in gel at pH 2.0, which, to our knowledge, is the lowest pH for gluten-degrading activity currently reported. P. aeruginosa is a member of the proteobacteria representing <10% of the gut colonizers, of which 90% comprises Bacteroidetes and Firmicutes species ( 33 ) . Pseudomonas is eff ective in forming a biofi lm and is an opportunistic pathogen in immunocompromised patients. Together with Escherichia coli and Klebsiella pneumonia , it is the most frequently observed infectious agent in cases of Gram-negative bacteremia ( 34 ) . When it colonizes the gut, it resides in the small and large intestine. Levels in healthy individuals are typically low (4%) and can increased to >20% in patients with various gastrointestinal diseases ( 35 ) . Antibiotics that are ineff ective against P. aeruginosa have been shown to signifi cantly increase the risk of colonization with this species in intensive care units ( 36 Figure 4 . Gliadin degradation in solution by the P. aeruginosa enzyme in DEAE fraction F4. Mixed gliadins (G) and fraction F4 were mixed to fi nal concentrations of 250 and 17.5 μ g/ml, respectively, in PPB at pH 7.0 ( a ), 4.0 ( b ), 3.0 ( c ), and 2.0 ( d ). The mixture was incubated in a 37 °C water bath, and at t =0, 2, 5, and 24 h, aliquots of 100 μ l were removed, heatinactivated, and analyzed for gliadin degradation by SDS-PAGE (left four lanes). Control gliadins were incubated without enzyme (right four lanes). ( e ) Gliadin zymography of the P. aeruginosa enzyme in F4 at different pH. Aliquots of F4 containing 0.04 μ g/lane were loaded in duplicate along with MW standards (M) in two gliadin zymogram gels (6%). After electrophoresis, each gel was divided in two, and the four gel pieces were then each renatured and developed in buffers adjusted to pH 7.0, 4.0, 3.0, and 2.0, followed by staining with Coomassie Brilliant Blue.
COLON/SMALL BOWEL
Gluten Degradation by Pseudolysin observed in gel. As calcium is naturally present in saliva, and thus in the chyme, it can be expected to promote enzymatic activity of pseudolysin in vivo .
In bacterial physiology the secreted extracellular metallo enzymes play a role in the degradation of complex protein substrates into peptides to support bacterial cell growth. In thermolysin-like metalloproteases, two histidines (H337 and H341) and a glutamic acid residue (E361) surround a zinc ion in the active site (highlighted in grey in Supplementary Figure S7 ) . Th e active site residues are E338 and H420. Th e X-ray crystallography structure of the pseudolysin enzyme obtained at 1.5 Å( 37 ) is shown in Supplementary Figure S7 . Phosphoramidon and Zincov are specifi c inhibitors of the thermolysins, and these enzymes are also inhibited by EDTA, consistent with our fi ndings.
It will be of interest to predict and determine the cleavage specifi cities of lasB for a broader range of immunogenic gluten epitopes. Th e theoretical cleavage specifi cities of the enzyme, based on 70 cleavages, are shown in Supplementary Figure S8 . Th e enzyme prefers a glycine residue in the P1 position and a leucine in the P1' position. Second, the enzyme prefers an alanine in P. aeruginosa was isolated from one of the three donors, who had no history of gastrointestinal disease or antibiotics use in the last 24 months.
Th e gluten-degrading aciduric enzyme pseudolysin, or lasB, from P. aeruginosa identifi ed by LC-ESI-MS/MS belongs to the family of thermolysin metalloproteases (M4). Pseudolysin complexes with zinc in the active center and requires calcium for protease stability ( 37 ) . Th e prepro-and the mature enzyme have MW values of 53 and 33 kDa, and comprise 498 and 301 amino acids, respectively. It should be pointed out that the source of the enzyme in the fi rst part of our studies was the extract of a cell sonicate, not the culture media, explaining detection of a signifi cant proportion of the preproenzyme apart from the mature form ( Figure 7 ) . Th e presence of lasB in the ~53 kDa band was confi rmed by LC-ESI-MS/MS (data not shown). Activities reported here toward, e.g., the immunogenic 33-mer α -gliadin peptide and total gliadins in solution may be an underestimation of the actual activities, as no calcium ions were added to the buff ers, which are needed for its stability. However, the gliadin zymogram development buff er does contain calcium, which may explain the high gliadin-degradative activities the P1 position and a phenylalanine in the P1' position. To predict in silico specifi city of lasB for a range of primary immuno genic epitopes of gluten ( 38 ) , the leucine (L, red) and phenyl alanines (F, purple), as well as the glycine residues (G, blue) and alanine residues (A, orange) were highlighted ( Supplementary Table 1 ).
We demonstrated experimentally that the enzyme can cleave the 33-mer peptide, containing multiple of such immunogenic epitopes in its sequence. Th is was further confi rmed using a FRET substrate containing QPQLPY, a key immunogenic epitope occurring 3× in the sequence of the α -gliadin 33-mer. Although sensitivity of the other epitopes to hydrolysis by pseudolysin has to be confi rmed, only four epitopes of the ones listed in Supplementary Table 1 , glia-a3, glia-g3, hor-3, and glia-g1b, are devoid of residues preferred by pseudolysin in the P1 or P1' position. Actual abilities of the enzyme to cleave the listed epitopes could be investigated, e.g., with additional FRET enzyme substrates derivatized at the N and C terminus with quenching groups. For the applicability of pseudolysin enzymes in vivo , it should be noted that these enzymes are considered virulence factors, as during infection they degrade a broad range of host tissue proteins and biomolecules, part of them involved in innate Mature lasB enzyme activity 
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whether the other epitope(s) recognized concur with immunogenic gliadin domains. Yet overall, the lasB enzyme shows a remarkable ability to cleave and neutralize major immunogenic gluten peptides.
Enzyme therapy in CD is actively being pursued. It is already recognized that the use of combination of enzymes is the most eff ective way to achieve thorough gluten digestion ( 41 ) . High speed and effi ciency of gluten digestion is a prerequisite for any enzyme preparation to be clinically eff ective in CD. Th e furthest along on the path toward product development is the combination of enzymes comprising the bacterial prolyl endopeptidase SC-PEP and EP-B2 of germinating barley (ALV003). In a Phase 2 clinical trial, ALV003 was demonstrated to prevent mucosal deterioration on ingestion of low doses (2 g) of gluten ( 42 ) . Although comparative data are not yet available for the lasB enzyme, its gluten-degrading activity seems to be exceptionally high. With the ongoing eff orts in enzyme discovery and design, superior enzymes and enzyme combinations should become available. It can be envisioned that two to fi ve enzymes from various origins could be combined, with complimentary cleavage speci fi cities and some, such as pseudolysin, with resistance to low pH conditions.
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Study Highlights
WHAT IS CURRENT KNOWLEDGE
✓ Gluten peptides contain immunogenic epitopes that resist degradation by mammalian digestive enzymes.
✓ Luminal enzyme therapy is aimed at achieving a more complete digestion of such domains.
✓ Prolyl endopeptidases, alone or in combination with glutamyl endoproteases, are being pursued as therapeutic drugs.
WHAT IS NEW HERE
✓ A new protease was identifi ed from P. aeruginosa that can cleave gliadin immunogenic domains effectively.
✓ The enzyme is active at pH 2.0-4.0, establishing it as a novel aciduric gluten-degrading enzyme.
✓ The cleavage specifi city of the enzyme is different from the enzymes that are currently being pursued for clinical development.
✓ Its unique properties make it a promising candidate to aid in gluten digestion during gastric passage.
immunity such as complement factors, immunoglobulins, cytokines, and antimicrobial peptides. Th e pathogenic properties of the enzymes in host tissues during infection do not imply detrimental eff ects to the host when these enzymes would be ingested to act strictly in the digestive tract. Nevertheless, studies investigating eff ects of pseudolysins on host tissues during gastric and intestinal transport are warranted.
It will be necessary to further study effi cient immunogenic epitope elimination by lasB. Signifi cant reduction of the epitopes recognized by R5 was observed. With regard to epitopes detected by G12, results were discrepant in that lasB did not reduce binding by G12 (either without or with pretreatement of gliadin with pepsin and trypsin; not shown), while one of its epitopes in the form of a FRET substrate, QPQLPY, was hydrolyzed efficiently. Another substrate, PQPQPQ, not being a target for lasB, was not hydrolyzed by lasB (data not shown), indicating that the observed hydrolysis of QPQLPY was specifi c. It is therefore likely that apart from QPQLPY, the G12 antibody detects another sequence in gliadin that was not suffi ciently degraded by lasB. Cross-reactivity with other epitopes is not unlikely and has been demonstrated for the monoclonal R5 antibody ( 30, 39 ) as well as the G12 antibody ( 40 ) . It remains to be established Assay time (min) Figure 8 . Epitope neutralization by lasB. Mixed gliadins (250 μ g/ml) were incubated with 2.5 μ g/ml lasB isolated in our laboratory. The mixture was incubated for 0, 0.5, and 2 h in 50 m M Tris-HCl (pH 8.0) buffer supplemented with 2.5 m M CaCl 2 . Aliquotes were analyzed by SDS-PAGE ( a ) and the same aliquots were tested for epitope survival in R5 and G12 ELISA assays ( c and d ). In b , the hydrolysis of the FRET substrate QPQLPY (pep) (fi nal 100 μ M ) by lasB (0.65 μ g/ml) is shown. After 20 min incubation, the fl uorescence had reached the maximum value that could still be read experimentally, indicating rapid substrate hydrolysis.
